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INTRODUCTION
Time domain spectroscopy (TDS) is one of the important applications of THz electromagnetic waves generated and detected using femtosecond laser pulses. Though the present THz TDS systems utilizing THz waves propagating in free space work quite well, it is desired to integrate it in a solid state chip to make the system more compact and functional. Waveguides suitable for such high frequency electromagnetic waves in solid state chips are the printed strip lines such as micro-strip-line (MSL), coplanar-strip-line (CPSs) and coplanar waveguides (CPWs) familiar in microwave devices.
Generation of ultrafast electrical pulses by fs laser pulses in semiconductor strip-lines was pioneered by Auston around 1980 [1] and extended by, for instance, Grischkowsky and co-workers [2] . Though MSL structures were considered originally, the efforts soon shifted to CPSs, mostly because of the difficulty in reducing the size parameters, particularly the dielectric thickness well below the wavelength (~100 µm) of THz pulses [2] . Then, numerous investigations have been carried out to characterize and improve the performance of the CPSs. Also, a spectroscopy of powder specimen was demonstrated, though the frequency was limited to 0.9 THz [3] . The CPSs were formed on ion-dosed silicon on sapphire or low-temperature-grown (LTG) GaAs substrates, which themselves serve as the photoconductive (PC) material having sub-ps response time and used for the generation and detection of THz pulses with fs optical pulses.
Semiconductor-based CPSs, however, suffer from a strong loss and dispersion. The dominant loss mechanism in THz range is the radiation of energy as a shock wave. Since they come from the difference in the permittivity between the substrate and the air, it is desired to use low permittivity substrate, which also leads to the reduction of conductor loss and dispersion. As an example, fused silica was proven to exhibit a good performance in comparison with GaAs substrate. Much better results were obtained in a CPS on a silica-based membrane of µm thickness [4] . However, the membrane CPS is not simple in fabrication and is not very robust mechanically.
In 1997, Heiliger et al. succeeded to fabricate MSLs with 10 µm-thickness dielectric layer, by using polymer materials [5] , with which they realized a low loss and dispersion characteristics. It was also demonstrated that MSLs can be used as a sensitive label-free detector of DNA molecules, by using a resonator structure in the MSL, though the spectral range of the realized devices are in sub-THz [6] .
In this paper we report the propagation characteristics of THz pulses on MSLs and CPSs, investigated computationally and experimentally. In particular, we show that, by the use of lowpermittivity dielectric materials, they can support the propagation of electrical pulses whose spectra reaching 3 THz. As an application of these devices, we also demonstrate the THz spectroscopic characterization of liquid [7, 8] and powder specimens. Figure 1 shows the cross-sectional birds-eye view of the MSL devices we have fabricated. On an Au-deposited glass substrate, a polyimide film (TORAY;SP483, ε ~3.2) of 20 µm thickness was formed by spin-coating and curing the precursor. On the dielectric, a piece of LTG-GaAs of 800 nm thickness was Van der Walls bonded, and mesa etched to 40x100 µm 2 rectangles used as the PC switches for the generation and detection of THz pulses. Then a 20 µm wide and 200 nm thick Au line was defined by a conventional lift-off technique to form a MSL structure, with biasing and probing lines at the positions of the PC switches. To enhance the adhesion, a 5 nm thick Ti was inserted between the polyimide and Au. In the devices used for the measurement of liquids, an additional polyimide layer of 3-12 µm thickness was formed for covering and spacing purposes. Also, for the optical excitation of the PC switches from the substrate side, small holes were prepared in the Au ground plane at the position of the PC switches.
DEVICE AND MEASURMENT SETUP

Device structures and fabrication procedures
The fabrication of CPSs is even simpler. On a dielectric substrate, a pallarel-line pattern made of Ti/Au (same thickness as MSL) was fabricated with PC switches made of LTG GaAs in the same way as the MSLs. The CPS pattern used in this work is depicted in Fig. 2 . Both the line width and the space between the lines are 20 µm. The CPS has an openend serving as a reflector in the measurement of attenuation and propagation constant as discussed later. Since the permittivity of the substrate should be as low as possible for reducing the radiation loss, which is significant in THz regime in CPSs, we used a THz plastic (PAX; Tsurupica) as a low permittivity (ε ~2.3) substrate. We also tested quartz and sapphire substrates for comparison.
Measurement setup
The setup for the measurement of THz pulses on the strip-lines is basically the same as that of THz TDS. The THz pulses were generated by exciting the dc-biased PC switch with fs optical pulses, which was delivered from a mode-locked Ti-Sapphire laser. The pulse width, the center wavelength, and the repetition rate are about 200 fs, 800 nm, and 76 MHz, respectively. The signals propagating along the lines were lock-in detected as the average current in the detector PC switch, which was excited by the laser pulses with various delay time from the THz generation.
RESULTS AND DISCUSSIONS: MSL
Properties
In order to predict the propagation characteristics of THz pulses on MSLs, we performed a FDTD-based calculation (Mizuho-RI; EMERGE) for the device structure used in the experiment, expect for the holes in the ground plane. In the calculation, the photo-current generating the THz pulses was assumed to be Gaussian shape of 200 fs width, and the dielectric layer was assumed to have the dielectric constant of 3.0, and no absorption. Shown in Fig. 3 are time domain traces of the electrical signals after 1 or 1.3 mm propagation and the attenuation constant as a function of frequency. Well-peaked pulses with the full width at half maximum (FWHM) of about 0.5 ps in the positive part of the pulses are predicted, though the response time of the detector affecting the shape in the experiment was not included in the calculation.. The attenuation is about 0.2 mm -1 at 3 THz, suggesting that the MSL can be used in mm-scale devices. The attenuation increases with frequency, and seems to follow f 0.5~1 dependence, though the value is scattering. Also, the simulation indicated that the thickness of the cover layer does not affect the attenuation. Hence the attenuation is likely to be Figure 4 shows an example of the time domain traces observed experimentally. The propagation distance is 1 mm as shown in Fig. 1 . As expected, a narrow pulse was observed around 6 ps. The FWHM of about 1 ps is twice that predicted. The structure seen around 17 ps is the pulse after a round trip between the detection and generation points, where a small reflection is caused by the hole opened in the ground plane. The holes also caused the structure in the falling tail of the main pulse. The spectral range well exceeds 2 THz as shown in the inset.
Spectroscopy of polar liquids
For the measurement of liquids, we prepared a chip equipped with a specimen vessel on the cover layer. Then as an example, we measured the absorption of THz waves by albumin water solutions. The change in the attenuation of signals from that without a specimen is shown in Fig. 5 as functions of frequency. The attenuation decreases with the increase of the albumin density. This is because the attenuation (absorption) caused by the water is reduced by the hydration of the albumin molecules [9] . Although the change in attenuation is nearly independent of frequency in this example, spectral information in the frequency range from microwave to THz frequencies can be obtained continuously in this device.
RESULTS AND DISCUSSIONS: CPS
Properties
As for the MSLs, we analyzed the transmission properties of THz pulses on the CPSs by the FDTD method. In the calculation, the dielectric constant of the substrate was assumed to be frequency independent (10.8, 4.5, and 2.3 for sapphire, quartz, and Tsurupica, respectively) and the absorption was neglected. The predicted attenuation constants are plotted in Fig. 6 as functions of frequency. As expected, the attenuation is largest in sapphire CPS and lowest in Tsurupica CPS. In particular, attenuation in the Tsurupica CPS is as low as 0.2 mm -1 even at 1.5 THz, which is comparable to the MSL, although the attenuation increases steeply with frequency. Though not shown, the dispersion is also very small in Tsurupica CPS. The frequency dependence of the attenuation changes around 0.4-0.6 THz. In the high frequency regime, the attenuation depends strongly on frequency, suggesting that the loss is dominated by the radiation. The dependency is quadratic in sapphire and quartz CPSs and close to cubic in Tsurupica CPS, which is consistent qualitatively with a literature [10] . In the low frequency regime, the attenuation may be dominated by the conductor loss, since no absorption was assumed in the substrates.
The attenuation and the dispersion were evaluated experimentally in the following way. In the present CPS device shown in Fig. 2 value is slightly higher than the prediction. In the high frequency region, the loss is dominated by the radiation. As a result, usable frequency range is limited at a few THz in the present device. Although the attenuation mechanisms in the low frequency regime are difficult to discuss precisely, because of the short time window realized in the experiment, the measured dependencies correspond fairly well to the prediction.
Spectroscopy of powder specimen
To test the Tsurupica CPS as a spectroscopic sensor head, we measured the absorption spectrum of powder specimen. In the measurement, D-Biotin powder was placed on the CPS and pressed by another Tsurupica substrate to enhance the coupling to the THz electric filed. Shown in Fig. 8 are the amplitude spectra of the signals with and without the powder. The propagation distance was 1 mm. The arrows in the figure indicate the reported absorption lines [11] . It is clear that the observed absorption peaks correspond quite well to the reported ones up to 2 THz, demonstrating that the Tsurupica CPS is a good candidate for the strip-line-based compact THz spectroscopic sensor head.
SUMMARY
We have investigated the propagation of THz pulses on the MSLs and CPSs. It was proven that the THz pulses whose spectra reach 3 THz can be guided in a few mm distance without a severe attenuation and distortion. As a possible application of these devices, THz TDS of liquid or powder specimen was demonstrated successfully.
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